Type-IV P-type ATPases (P4-ATPases) are putative phospholipid translocases, or flippases, that translocate specific phospholipid substrates from the exofacial to the cytosolic leaflet of membranes to generate phospholipid asymmetry. In addition, the activity of Drs2p, a P4-ATPase from Saccharomyces cerevisiae, is required for vesicle-mediated protein transport from the Golgi and endosomes, suggesting a role for phospholipid translocation in vesicle budding. Drs2p is necessary for translocation of a fluorescent phosphatidylserine analogue across purified Golgi membranes. However, a flippase activity has not been reconstituted with purified Drs2p or any other P4-ATPase, so whether these ATPases directly pump phospholipid across the membrane bilayer is unknown. Here, we show that Drs2p can catalyze phospholipid translocation directly through purification and reconstitution of this P4-ATPase into proteoliposomes. The noncatalytic subunit, Cdc50p, also was reconstituted in the proteoliposome, although at a substoichiometric concentration relative to Drs2p. In proteoliposomes containing Drs2p, a phosphatidylserine analogue was actively flipped across the liposome bilayer to the outer leaflet in the presence of Mg 2؉ -ATP, whereas no activity toward the phosphatidylcholine or sphingomyelin analogues was observed. This flippase activity was mediated by Drs2p, because protein-free liposomes or proteoliposomes reconstituted with a catalytically inactive form of Drs2p showed no translocation activity. These data demonstrate for the first time the reconstitution of a flippase activity with a purified P4-ATPase.
Type-IV P-type ATPases (P4-ATPases) are putative phospholipid translocases, or flippases, that translocate specific phospholipid substrates from the exofacial to the cytosolic leaflet of membranes to generate phospholipid asymmetry. In addition, the activity of Drs2p, a P4-ATPase from Saccharomyces cerevisiae, is required for vesicle-mediated protein transport from the Golgi and endosomes, suggesting a role for phospholipid translocation in vesicle budding. Drs2p is necessary for translocation of a fluorescent phosphatidylserine analogue across purified Golgi membranes. However, a flippase activity has not been reconstituted with purified Drs2p or any other P4-ATPase, so whether these ATPases directly pump phospholipid across the membrane bilayer is unknown. Here, we show that Drs2p can catalyze phospholipid translocation directly through purification and reconstitution of this P4-ATPase into proteoliposomes. The noncatalytic subunit, Cdc50p, also was reconstituted in the proteoliposome, although at a substoichiometric concentration relative to Drs2p. In proteoliposomes containing Drs2p, a phosphatidylserine analogue was actively flipped across the liposome bilayer to the outer leaflet in the presence of Mg 2؉ -ATP, whereas no activity toward the phosphatidylcholine or sphingomyelin analogues was observed. This flippase activity was mediated by Drs2p, because protein-free liposomes or proteoliposomes reconstituted with a catalytically inactive form of Drs2p showed no translocation activity. These data demonstrate for the first time the reconstitution of a flippase activity with a purified P4-ATPase.
flippase ͉ membrane asymmetry ͉ P4-ATPase ͉ proteoliposome ͉ Cdc50p P hospholipids are asymmetrically distributed across the plasma membrane of eukaryotic cells, and the control of this membrane asymmetry is important in many cellular processes (1, 2) . For example, in resting human red blood cells, phosphatidylserine (PS) and phosphatidylethanolamine (PE) are restricted primarily to the inner leaflet of the plasma membrane, whereas phosphatidylcholine (PC) and sphingomyelin (SM) are exposed on the cell surface (2, 3) . Regulated exposure of PS in the outer leaflet of red blood cells and platelets provides an interface for stimulating coagulation reactions (3) . Apoptotic cells also expose PS as a signal for removal by macrophages or other cells (4) . In addition, phospholipid asymmetry of the bile canalicular membrane is critical to the integrity of membrane and normal bile secretion by hepatocytes (5) . Loss of phospholipid asymmetry caused by mutations in the human FIC1/ ATP8B1 gene may be the fundamental cause of the liver disease progressive familial intrahepatic cholestasis (6) .
Membrane asymmetry is thought to be generated by proteins that transport phospholipids unidirectionally across a membrane bilayer (2, 7) . ATP-dependent flippases are proposed to mediate the inward movement of phospholipid from the extracellular leaflet to the cytosolic leaflet, whereas the opposing outward transport is carried out by floppases. It has been suggested that a subset of ATP-binding cassette (ABC) transporters involved in multidrug resistance (MDR) and bile secretion, including human MDR1 P-glycoprotein/A BCB1, MDR3/A BCB4, MRP1/ ABCC1, and their homologues in other organisms, catalyzes floppase activity (8, 9) . Several of these ABC transporters have been purified and reconstituted into liposomes. For example, proteoliposomes formed with MDR1 P-glycoprotein purified from Chinese hamster ovary cells were shown to transport a variety of lipid analogues, including PS, PE, PC, SM, and glucosylceramide analogues bearing a fluorescent 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD) group, across the liposome bilayer (10, 11) . Another class of active transporters, the type-IV P-type ATPase (P4-ATPases), is proposed to catalyze the flippase activity that restricts PS and PE to the cytosolic leaflet of the plasma membrane (7) (8) (9) . Slow flop of phospholipids without headgroup specificity, combined with rapid flip of PS and PE, is thought to establish the observed membrane asymmetry.
The first ATP-dependent flippase activity described was the aminophospholipid translocase in human red blood cells, which rapidly translocates spin-labeled or unmodified PS and PE in the outer leaflet of the plasma membrane to the inner leaflet (12, 13) . Since the discovery of the aminophospholipid translocase, a major goal has been to define the enzyme responsible for this activity through purification and reconstitution. A flippase activity toward spin-labeled PS and PE analogues has been reconstituted with a partially purified, but unidentified, Mg 2ϩ -ATPase from human red blood cells (14) . ATPase II/Atp8a1, a Mg 2ϩ -ATPase that potentially catalyzes aminophospholipid translocase activity in bovine chromaffin granules (15) , has been purified to homogeneity (16, 17) . Phylogenetic analysis of the ATPase II/Atp8a1 sequence indicates that it is a member of the P4-ATPase family, which includes Fic1/Atp8b1 and Drs2p from yeast (18, 19) . However, a flippase activity has not been reconstituted with any purified P4-ATPase, including mammalian ATPase II/Atp8a1.
Although it is not known if a P4-ATPase in a purified form is sufficient to catalyze flippase activity, yeast P4-ATPases are necessary for flippase activities detected in the plasma membrane (20) , secretory vesicles (21) , and the trans-Golgi network (TGN) (22) . Drs2p is localized primarily to the TGN (23) and requires a chaperone protein Cdc50p for its proper localization (24) . Isolated TGN membranes containing a temperaturesensitive mutant form of Drs2p translocate NBD-PS, but not NBD-PC, to the cytosolic leaflet at permissive temperature (22) . However, inactivation of this mutant Drs2p at higher temperature ablates the NBD-PS flippase activity (22) . A possible interpretation of these data is that Drs2p pumps phospholipid substrates directly across membrane bilayers. Alternatively, Drs2p may pump an unidentified ion into the TGN to generate an ion gradient, which then is coupled by another transporter (an unidentified symporter) to phospholipid translocation. To gain further insight into the mechanism of phospholipid translocation, we sought to purify and reconstitute Drs2p to determine if it can pump phospholipid substrates directly across a lipid bilayer.
Toward the goal of reconstituting Drs2p, we have overexpressed Drs2p in yeast and purified it using affinity purification techniques. The ATPase activity of purified Drs2p is Mg 2ϩ -ATP dependent and sensitive to orthovanadate. After reconstitution, the Drs2p-containing proteoliposomes actively translocate NBD-PS to the outer leaflet upon addition of Mg 2ϩ -ATP, demonstrating that a purified P4-ATPase is sufficient to catalyze flippase activity.
Results

DRS2
was overexpressed in its native host Saccharomyces cerevisiae by substituting the strong glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter for its endogenous promoter (25) (Fig. 1A) . To facilitate purification, a tandem affinity purification (TAP) tag (26) was integrated into the 3Ј end of the DRS2 gene to express C-terminally TAP-tagged Drs2p (Drs2p-TAP, Fig. 1 A and B) . Drs2p-TAP was functional in vivo, because strains expressing DRS2-TAP as the sole source of Drs2p grew at 20°C (supporting information (SI) Fig. S1 ). Strains carrying loss-of-function drs2 alleles cannot grow at 20°C or below (23) . Drs2p requires Cdc50p, a noncatalytic subunit and chaperone protein, for its export from the endoplasmic reticulum (ER) (24), so we also overexpressed CDC50 using the GPD promoter (Fig.  1 A) . These modifications led to a 10-fold increase in Drs2p expression relative to wild-type cells (Fig. S2) .
For purification of Drs2p-TAP, a cell lysate prepared without detergent was centrifuged at 15,000 ϫ g for 12 min to pellet ER membranes along with any misfolded Drs2p-TAP retained there by the quality control machinery. We used 1% polyoxyethelene 9-lauryl ether (C 12 E 9 ) to solubilize Drs2p-TAP from TGN membranes that remained in the supernatant (see Materials and Methods). As seen in Fig. 1C , Drs2p-TAP was purified successfully by the TAP procedure and composed more than 90% of protein in the final eluate (lane 4). Cdc50p was not detected in this preparation by SimplyBlue staining but was identified by mass spectrometry (Table S1 ). Typically, 5% of Drs2p-TAP in the cell lysate was recovered in the first affinity purification step (IgG column), and 1% was recovered in the second affinity step (calmodulin column), yielding 10 g of Drs2p/L culture (Ϸ10 11 cells).
Robust ATPase activity was detected in the purified Drs2p-TAP sample. However, this ATPase activity was insensitive to orthovanadate, a commonly used P-type ATPase inhibitor (16, 17) , and was completely inhibited by 1 mM azide (Fig. 1D ). This result suggested that the ATPase activity was catalyzed primarily by contaminating mitochondrial F1-ATPase. Indeed, the ␣ and ␤ subunits of the F1-ATPase were detected as trace contaminants by mass spectrometry (Table S1 ), but the specific activity of F1-ATPase is very high (150 mol ATP hydrolyzed/min/mg) (27) . To test if the activity was catalyzed by the F1-ATPase, the ATP2 gene encoding the catalytic ␤ subunit of the F1-ATPase was disrupted in the strain used for Drs2p-TAP purification. No ATPase activity could be detected in Drs2p-TAP preparations from the atp2⌬ strain (Fig. 1D ), even though Drs2p-TAP was recovered with a yield and purity comparable to that shown in Fig. 1C . Other ATPases also were detected at trace levels (Table  S1 ), but their activities were below the limit of detection in these preparations. Therefore, purified Drs2p-TAP seemed to be catalytically inactive in vitro. A variety of purification and assay conditions were tested for Drs2p-TAP, including the addition of potential substrate lipids such as PS, but none of the conditions used yielded an active enzyme. However, moving the affinity tag from the C terminus to the N terminus of Drs2p (TAP-Drs2p, Fig. 2 A and B) and modifying the TAP tag to contain a decahistidine instead of the calmodulin-binding peptide as the second affinity module (Fig. 2B ) allowed purification of enzymatically active Drs2p. , and azide (1 mM) samples were assayed using 50 ng of Drs2p-TAP purified from stain XZY10b (ATP2), and the atp2⌬ sample was assayed using 100 ng of Drs2p-TAP from strain XZY38b (atp2⌬), deficient for the F1-ATPase. TAP-Drs2p also was purified from a strain that was deficient for the F1-ATPase, and a comparable yield and purity were obtained (compare Fig. 2C and Fig. 1C ). The TAP-Drs2p preparation now displayed robust ATPase activity relative to Drs2p-TAP (Fig. 2D ). The only significant difference between the 2 Drs2p preparations was the position of the tag (N-terminal versus C-terminal), indicating that the ATPase activity detected in the TAP-Drs2p sample was catalyzed by Drs2p and not by minor contaminants in the sample. Consistent with other P-type ATPases, the ATPase activity of TAP-Drs2p was sensitive to orthovanadate with an IC 50 of 5 M and was resistant to azide ( Fig. 3A and Fig. S3 ). TAP-Drs2p showed an optimal pH of 7.5 ( Fig. 3B) , a K m of 1.5 Ϯ 0.3 mM for ATP (Fig. 3C) , and a V max of 0.45 Ϯ 0.03 mol Pi released/min/mg Drs2p (Ϸ70 Ϯ 5 ATPs hydrolyzed/min/Drs2p, Fig. 3C ) under these assay conditions. The ATPase activity of TAP-Drs2p also was Mg 2ϩ -dependent (Fig. 3D ), as reported for purified mammalian Atp8a1 (16, 17) .
To assess the oligomeric state of purified Drs2p, TAP-Drs2p and Drs2p-TAP were subjected to size-exclusion chromatography. The majority of both Drs2 proteins eluted as a single peak at nearly the same volume (Fig. 3E ). Relative to protein standards, the mass of TAP-Drs2p was estimated to be 181 kDa and the mass of Drs2p-TAP to be 184 kDa, very close to their predicted monomer masses of 156 kDa and 160 kDa. To probe the molecular basis of Drs2p-TAP inactivity, TAP-Drs2p and Drs2p-TAP were analyzed by circular dichroism. The spectra of the 2 proteins were strikingly different, especially in the far UV region (Fig. 3F) , suggesting a significant difference between their tertiary structures (Table S2) . Although the molecular basis for its inactivity is not fully understood, Drs2p-TAP served as an enzymatically dead negative control in this study.
Purified TAP-Drs2p was incorporated into PC liposomes via detergent-mediated reconstitution (see Materials and Methods). To improve reconstitution efficiency by increasing the protein/ lipid ratio, single-step affinity-purified TAP-Drs2p was used directly for reconstitution, because single-step affinity purification provided more Drs2p than the 2-step purification, although with lower purity (Fig. 4A, lane 0) . After flotation of reconstituted samples in a glycerol step gradient, most TAP-Drs2p was found in the top fractions and co-fractionated with phospholipids (Fig. 4 A, lanes 5 and 6, and B) . Importantly, most contaminating proteins from the single-step affinity purification remained at the bottom of the gradient and were well separated from the proteoliposome fractions (Fig. 4A, lanes 1 and 2) . As determined by mass spectrometry, the proteoliposome fractions contained relatively pure TAP-Drs2p, comparable to that obtained from the 2-step TAP procedure (Table 1 and Table S1 ). Based on negative staining and visualization by electron microscopy, the size of proteoliposomes ranged from 25 to 75 nm in diameter, with a mean diameter of 40 nm (Fig. 4C) . The protein/ lipid ratio was 1:200 (wt/wt) in the proteoliposome samples, and we estimated that there was 1 Drs2p molecule per 2-3 liposomes. In our reconstituted samples, Drs2p was preferentially inserted into proteoliposomes with the ATPase domain facing outward, as revealed by a protease protection assay (Fig. S4) . Any Drs2p reconstituted in the opposite orientation would not be stimulated by Mg 2ϩ -ATP present outside the proteoliposome. To assay for flippase activity, PS (the potential substrate), PC, or SM (control) analogues bearing a fluorescent NBD group on a short sn2 acyl chain (C6) were incorporated into PC proteoliposomes during reconstitution. The TAP-Drs2p proteoliposomes then were assayed for flippase activity using dithionite, a membrane-impermeable quenching agent, to monitor the interleaflet distribution of NBD-phospholipid (see Materials and Methods). To improve the sensitivity for detecting transbilayer f lip, the NBD-phospholipid in the outer leaf let was prequenched with dithionite, and the proteoliposomes were refloated in a glycerol gradient to remove the dithionite. This treatment resulted in liposomes with most fluorescent NBDphospholipid in the inner leaflet and increased the sensitivity for detecting flip of NBD-phospholipid to the outer leaflet.
From preliminary experiments, we noticed that incubation of liposomes with ATP alone (Na ϩ -ATP) caused a small nonspe- cific increase in accessibility of NBD-phospholipid to dithionite (Fig. S5) . To take this effect into account, we incubated the proteoliposomes with Na ϩ -ATP, which is not hydrolyzed by TAP-Drs2p (Fig. 3D) , as a background control in the flippase assay. As seen in Fig. 5A , after a 30-min incubation, Na ϩ -ATP caused an Ϸ3% net increase in NBD-PS accessibility to dithionite (green trace versus black trace). In the presence of Mg 2ϩ -ATP, significantly more NBD-PS (Ϸ7%) was accessible to dithionite (blue trace versus red trace). The increased quenching of NBD-PS was not caused by Mg 2ϩ alone or by contaminating Ca 2ϩ (Fig. S5 ). NBD-PS was flipped across the liposome bilayer with a half-time of Ϸ4 min (Fig. 5B) , and the initial velocity was about 0.02 mol NBD-PS flipped/min/mg Drs2p (Ϸ3 NBD-PS flipped/min/Drs2p). As controls, no difference between the Mg 2ϩ -ATP and Na ϩ -ATP incubations was observed with TAPDrs2p proteoliposomes containing NBD-PC or NBD-SM instead of NBD-PS (Fig. 5 A and C) , indicating that PS is the moiety that was recognized and translocated. Moreover, if Drs2p activity simply caused increased leakiness of the proteoliposome to dithionite, we would have observed enhanced quenching of the NBD-PC or NBD-SM probes. In other control experiments, no increased quenching was observed with protein-free liposomes (No Drs2p) containing NBD-PS (Fig. 5C ) or with proteoliposomes reconstituted with the enzymatically dead Drs2p-TAP and NBD-PS (Fig. 5C ). These data demonstrated that the increased quenching (Ϸ4%) of NBD-PS in TAP-Drs2p proteoliposome was mediated by a Mg 2ϩ -, ATP-, and Drs2p-dependent flippase activity specific for the PS analogue.
Furthermore, mass spectrometric studies revealed that the protein composition of the TAP-Drs2p and the Drs2p-TAP proteoliposomes was nearly identical (Table 1) . In both samples, Cdc50p was recovered as the second most abundant protein based on the number of peptides recovered. However, a relatively small number of Cdc50p peptides was recovered, and Cdc50p was not apparent in the gels stained by SimplyBlue.
Thus, it seems that the majority of Drs2p was not complexed with Cdc50p in the reconstituted samples. Other proteins recovered in low quantities, such as heat shock proteins and proteins involved in metabolism and protein synthesis, and are common contaminants of affinity purifications, are very abundant proteins in yeast (28) . Most importantly, the 2 proteoliposome samples were comparable in protein composition, with the major difference being the placement of the TAP tag on Drs2p, indicating that Drs2p activity is responsible for the difference in the flippase activity between the 2 samples.
Discussion
For more than a decade it has been proposed that Drs2p and the P4-ATPase family are phospholipid translocases or flippases, and several lines of evidence indicate that Drs2p is necessary for flipping NBD-labeled PS or PE analogues in isolated Golgi membranes and post-Golgi secretory vesicles (7-9, 18, 21, 22). However, no in vitro reconstitution of a flippase activity had been achieved with a purified P4-ATPase to test whether these pumps are sufficient to catalyze the flippase activity directly. Toward this goal, we purified Drs2p from yeast, reconstituted it into proteoliposomes, and demonstrated NBD-PS flippase activity with the purified and reconstituted enzyme.
In this study, Drs2p with affinity tags at either end (TAPDrs2p and Drs2p-TAP) was purified. Surprisingly, although the 2 protein preparations were very comparable in yield and purity (Figs. 1C and 2C , Table 1, and Table S1 ), only TAP-Drs2p was catalytically active in vitro, whereas Drs2p-TAP was enzymatically dead (Figs. 2D and 5C ). However, both Drs2 proteins are functional in vivo, because they support yeast growth at low temperatures (Fig. S1) . By contrast, Drs2p-deficient cells exhibit Protein composition of proteoliposomes reconstituted with either TAPDrs2p (N-TAP) or Drs2p-TAP (C-TAP) determined by MALDI-TOF mass spectrometry. a cold-sensitive growth defect (23) . Drs2p-TAP seems to be folded well enough to exit the ER, because our purification method should remove most of the ER-localized Drs2p. Based on size-exclusion chromatography, both Drs2 proteins seem to be primarily monomeric in detergent solutions (Fig. 3E) . Moreover, no significant difference in stability and solubility was observed between TAP-Drs2p and Drs2p-TAP (Figs. 2C and  1C) . However, the tertiary structure of TAP-Drs2p was found to differ strikingly from that of Drs2p-TAP as revealed by circular dichroism (Fig. 3F) . The inactive Drs2p-TAP was predicted to assume a more ordered structure than TAP-Drs2p (Table S2) . P-type ATPases undergo dramatic conformational changes during the catalytic cycle, and it is possible that Drs2p-TAP is inactive because it is trapped in a single conformational state. Further work will be required to determine whether the loss of Drs2p-TAP activity in vitro resulted from the position of the C-terminal TAP tag or from the calmodulin-binding peptide versus the decahistidine module.
The ATPase activity of purified TAP-Drs2p was Mg 2ϩ -ATPdependent and orthovanadate-sensitive (Fig. 3 D and A) , consistent with the properties of purified mammalian Atp8a1 (16, 17) . The specific activity of TAP-Drs2p was 0.45 Ϯ 0.03 mol Pi released/min/mg Drs2p (V max , Fig. 3C ), and this activity is within the range of values reported for purified Atp8a1 (16, 17) . However, we observed only a mild increase of Ϸ40% in the ATPase activity of purified TAP-Drs2p when incubated with PS, a potential phospholipid substrate for Drs2p, (Fig. S3 ). This stimulation level is marginal compared with the steep increases (greater than 10-fold) observed for purified mammalian Atp8a1 (16, 17) . Activation of Atp8a1 ATPase activity by PS suggests that PS is a native substrate for Atp8a1. The modest PS stimulation of TAP-Drs2p sample may result from the copurification of substrate phospholipid with Drs2p, so that the preparation is at nearly maximum activation. However, the specific activity of TAP-Drs2p was relatively low compared with PS-activated bovine Atp8a1 (3-9 mol Pi released/min/mg) (16) . Whether this difference reflects a species difference or whether only a portion of Drs2p molecules retained activity after purification remains to be determined.
Upon reconstitution, the TAP-Drs2p proteoliposome exhibited flippase activity that was specific for NBD-PS (Fig. 5) , because no activity was observed with the PC and SM analogues (Fig. 5 A and C) . TAP-Drs2p was the major but not the only protein present in the proteoliposome (Fig. 4A and Table 1 ). Mass spectrometry also identified several other proteins in low abundance, including Cdc50p (Table 1) . Any of these proteins potentially could be responsible for the flippase activity independently or dependently of TAP-Drs2p. However, the former possibility was ruled out because a control proteoliposome sample reconstituted with the enzymatically dead Drs2p-TAP showed no NBD-PS flippase activity (Fig. 5C ) and contained a protein composition almost identical to that of the TAP-Drs2p proteoliposome (Table 1) . These data argue strongly that Cdc50p and minor contaminants were incapable of catalyzing flippase activity without active Drs2p.
However, our data are consistent with the possibility that Cdc50p also may be required for the flippase activity of Drs2p, because Cdc50p was present in the TAP-Drs2p proteoliposomes (Table 1) . Moreover, recent work suggests that Cdc50p facilitates the catalytic cycle of Drs2p (29) . In the current study, we estimated that around 40% of the liposomes would contain 1 Drs2p molecule if an equal distribution of Drs2p in liposomes is assumed. Drs2p seemed to be inserted preferentially into proteoliposomes with its ATPase domain facing outward (Fig. S4) . Therefore, at most, 40% of the liposomes would contain a Drs2p molecule that has access to externally applied Mg 2ϩ -ATP, and 40% would be the upper limit of NBD-PS translocation we could achieve under these conditions. We have observed a nearly saturated Mg 2ϩ -ATP-dependent flip of 4% NBD-PS (Fig. 5) , perhaps indicating that only 4% of the liposomes contain an active flippase. If the Drs2p-Cdc50p complex is essential for flippase activity, the molar concentration of Cdc50p would need to be at least 1/10 that of Drs2p to explain why we observed 1/10 the maximum expected activity. Based on mass spectrometric results, the number of Cdc50p peptides recovered in the TAPDrs2p proteoliposome was about 1/10 that of Drs2p (Table 1) . Thus, it is possible that the flippase activity reported here was catalyzed by Drs2p-Cdc50p complexes, and that Drs2p alone is insufficient to drive flippase activity. Alternatively, it is possible that Cdc50p is not required, and the suboptimal flippase activity in the proteoliposomes resulted from the physical restraint of small liposome size (40 nm in mean diameter, Fig. 4C ), an unequal distribution of Drs2p in proteoliposomes, a high percentage of inactive Drs2p molecules in the TAP-Drs2p preparation, and/or the absence of other potential regulators of Drs2p activity. Further work will be required to determine the extent of the Cdc50p contribution to flippase activity. Nonetheless, the studies reported here provide a critical step forward in the biochemical characterization of a phospholipid flippase and define the minimal flippase unit as a P4-ATPase, perhaps in association with its noncatalytic subunit.
Materials and Methods
Reagents. IgG Sepharose 6 Fast Flow, calmodulin Sepharose 4B, and ATP (Ͼ 99% purity) were from GE Healthcare. Ni-NTA agarose was from Qiagen. AcTEV Protease and SimplyBlue SafeStain (Coomassie G-250) were from Invitrogen, and Bio-Beads SM-2 was from Bio-Rad. Phospholipids and fluorescent derivatives were from Avanti Polar Lipids and were L-␣-phosphatidylcholine from chicken egg (egg PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), Yeast strains were grown in 1 L of 2X YPD (2% yeast extract/4% peptone/4% dextrose) medium to saturation (usually 10 -15 OD 600/mL) at 30°C before harvesting by centrifugation at 5,000 ϫ g for 5 min. All steps following harvest were performed at 4°C unless otherwise stated. Cells were washed with 10 mM NaN3, resuspended in 20 mL of lysis buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl/10% glycerol), and lysed using an EmulsiFlex-C3 High Pressure Homogenizer (Avestin, Inc.) at 25,000 psi for 6 complete passes in the presence of protease inhibitors (500 M benzamidine hydrochloride, 10 M phenanthroline, 250 nM aprotinin, 3 M pepstatin A, 4 M leupeptin, 2 mM EDTA, 1 mM PMSF). The cell lysate was centrifuged at 15,000 ϫ g for 12 min, and 10% C12E9 was added to the supernatant to a final concentration of 1%. Samples were mixed on an end-over-end rotator for 2 h to solubilize Drs2p. Then 400 L of IgG Sepharose 6 Fast Flow beads (50% slurry in 50 mM potassium phosphate and 20% ethanol) prewashed with 10 mL of wash buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl/10% glycerol/0.1% C12E9) was added and rotated for 2 h, followed by a wash with 10 mL of wash buffer. The IgG beads were resuspended in 1 mL of TEV buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl/10% glycerol/0.1% C12E9/10 mM 2-mercaptoethanol/0.5 mM EDTA) with 100 units of AcTEV Protease, and Drs2p was released by rotating the mixture for 2 h at 16°C.
In the second affinity step, Drs2p-TAP was bound to 200 L of calmodulin Sepharose 4B beads in 5 mL of calmodulin binding buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl/10% glycerol/0.1% C12E9/1 mM imidazole/10 mM 2-mercaptoethanol/2 mM CaCl2) by rotating for 1 h, followed by a wash with 20 mL of calmodulin binding buffer, and was eluted with 1 mL of calmodulin elution buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl/10% glycerol/0.1% C12E9/6 mM EGTA). Similarly, TAP-Drs2p was incubated with 200 L of Ni-NTA agarose beads in 5 mL of Ni-binding buffer (40 mM Tris-HCl, pH 7.5/300 mM NaC/10% glycerol/0.1% C12E9/20 mM imidazole/10 mM 2-mercaptoethanol) by rotating for 1 h, followed by a wash with 20 mL of Ni-binding buffer, and was eluted with 1 mL of Ni elution buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl/10% glycerol/0.1% C 12E9/200 mM imidazole). Protein eluates were stored at Ϫ20°C in the presence of 50% glycerol. Recovery of Drs2p was determined using Odyssey Infrared Imaging System (LI-COR, Inc.) to quantify SimplyBlue-stained bands relative to a BSA standard curve. Purified Drs2p was assayed for ATPase activity in ATPase buffer (50 mM Tris-HCl, pH 7.5/100 mM NaCl/50 mM KCl/0.1% C 12E9/4 mM Na ϩ -ATP/10 mM MgCl2) at 37°C for 2 h, and released phosphate was measured colorimetrically using protocols previously described (17) .
Proteoliposome Formation. Proteoliposomes were formed by detergent removal using Bio-Beads SM-2 adsorption (30). All steps were performed at 4°C unless otherwise stated. Normally, 4 mg of lipid mixture (99% egg PC and 1% NBD-phospholipid) was dried under an N 2 stream and solubilized completely with 1 mL of 1% C 12E9 in reconstitution buffer (40 mM Tris-HCl, pH 7.5/150 mM NaCl) at room temperature. 1 mL of TEV buffer containing Ϸ20 g of Drs2p purified by single-affinity purification (IgG Sepharose 6 Fast Flow) was mixed gently with the lipid solution, and the protein-lipid-detergent solution was incubated by rotation for 1 h before SM-2 beads were added. After the addition of 100 mg of extensively washed SM-2 beads and 6 h of incubation on an end-over-end rotator, a second 200-mg portion of SM-2 beads was added and incubated for another 12 h without removing the original SM-2 beads. The supernatant containing proteoliposomes then was removed carefully and mixed with 500 mg of fresh SM-2 beads for 3 h of incubation. The resulting proteoliposome was removed and stored at 4°C. Two hundred microliters of proteoliposomes was mixed with 200 L of 80% glycerol and was placed at the bottom of a glycerol step gradient consisting of 40% glycerol, 300 L 30% glycerol,400 L 10% glycerol, and 100 L reconstitution buffer (top layer). The samples were centrifuged in a TLS-55 rotor (Beckman Coulter, Inc.) at 50,000 rpm for 6 h, and 200-L fractions were collected by piercing the bottom of the tube. The recovery of lipids for each fraction was calculated as (fluorescence of NBD-phospholipid in each fraction)/(initial fluorescence of total NBD-phospholipid used for reconstitution) ϫ 100%, and Drs2p recovery was determined by (Drs2p quantified by SimplyBlue staining in each fraction)/ (initial Drs2p used for reconstitution) ϫ 100%. For flippase assays, proteoliposome fractions containing both phospholipids and Drs2p were pretreated with 10 mM dithionite for 3 min to quench most fluorescent NBDphospholipid in the outer leaflet of proteoliposomes. Treated proteoliposomes were re-floated as described earlier in the text to separate them from dithionite.
Flippase Assay. Flippase activity was defined by a change of interleaflet distribution of fluorescent lipid probes (NBD-phospholipids) in proteoliposomes measured using a dithionite-based quenching approach (31) . For each individual measurement, 10 L of proteoliposomes containing Ϸ50 ng of Drs2p and Ϸ10 nmol of phospholipids were incubated with either 5 mM Na ϩ -ATP or Mg 2ϩ -ATP in 40 L of flippase buffer (40 mM Tris-HCl, pH 7.5/200 mM NaCl) at 37°C. At 0 and 30 min of incubation, each sample was assayed for probe distribution. Samples were diluted to 1 mL with flippase buffer in a quartz cuvette and mixed by inverting the cuvette 10 times, and the total fluorescence (FT) was recorded for 30 s in an AB2 fluorometer (SLM Instruments, Inc.) (ex ϭ 460 nm, em ϭ 534 nm) to obtain a stable baseline. Then, 10 L of 1 M dithionite dissolved in 1 M Tris (pH 10) was added to the sample and mixed to quench the fluorescent probes in the outer leaflet of liposomes, and fluorescence was recorded until a stable line was obtained (120 s, FD) . The sample then was solubilized by addition of 100 L of 10% Triton X-100, and the background fluorescence (F0) was recorded for another 30 s. The percentage of NBD-phospholipid in the outer leaflet of proteoliposomes that is accessible to dithionite quenching was calculated as (FT Ϫ FD)/(FT Ϫ F0) ϫ 100% (defined as PO), and the percentage of NBD-phospholipid flipped to the outer leaflet over a 30-min period was calculated as PO 30min Ϫ PO 0min .
